Abstract. The structure of conventional distribution system is radial, and overcurrent relays are widely used as primary protection. When a large number of distributed generations (DGs) are introduced, the system becomes an active distribution network. It is necessary to study new protection schemes applicable to active distribution network. This paper proposes a pilot protection scheme for active distribution network considering branches. The relationship of current phase variation direction and load power flow direction are used to build a criterion. Simulation results show the protection scheme can accurately identify the faults.
Introduction
Conventional distribution network is radial and supplied with a single source. The protection is usually overcurrent protection [1] . With the integration of DGs, the distribution system becomes a network with muti-source structure, which brings new issues to distribution system protection, such as blinding, false tripping and loss of grading [2] . It is necessary to study new protection schemes applicable to active distribution network.
Many novel protection schemes have been proposed to solve these issues. The protection schemes based on local information can act rapidly without communication channels [3] - [5] . However, as this kind of schemes only use the local information, it is easily affected by the system operating modes and DG power output. The centralized protection schemes can act accurately, as the information of multiple points is used [6] - [8] . This kind of protection schemes need to install a control center to receive large amount data and calculate the fault section. It puts forward strictly demands to the communication channels and calculation ability. The pilot protection uses the information of two points, can solve this problem to some extent. This paper proposes a pilot protection scheme for active distribution network. The current phase variation characteristics of the fault current are studied. The relationship of current phase variation direction and load power flow direction are deduced. Then a criterion using this relationship is proposed. To protect the distribution line with no branch, it is only needed to utilize current values as the load power flow directions of the two terminals are the same. The directions of the current phase variation are transmitted to the relay of the opposite terminal. If there exist branches in the pilot protection zone, voltage values are employed to obtain power flow direction in normal operation status. By using directions of current phase variation and load power flow, the fault can be identified. Simulation studies with IEEE 30-bus system are carried out by PSCAD. Fig. 1 shows a simple distribution network. "Network 1" and "Network 2" represent two parts of distribution network, which may connect with different types of DGs or main network. F and F′ represent different fault points. The power flow direction is set from M to N. pre I  is the pre-fault load current. When a fault occurs, voltage phase angles of M and N change slightly, ranging from 0.2° to 0.5° [9] . The following passages will mainly study the current phase angle variation of fault and pre-fault conditions by single-phase circuits.
Relationship of Current Phase Variation and Load Power Flow
The pre-fault current of line MN in Fig. 1 can be expressed as [10] M N pre MN
where M U  and N U  are the bus voltages. Z MN is the impedance of line MN. Using superposition theorem, the system fault equivalent circuit can be expressed by a pre-fault circuit superimposed with a fault component circuit. Fig. 2(a) shows the pre-fault circuit. 
(c) Fault superimposed circuit for negative direction fault. When a fault occurs at F, the fault superimposed circuit is illustrated in Fig. 2 (b). Superimposed component currents can be expressed as
For the fault at F, the total currents flow through the relay can be expressed as
When a fault occurs at F', the fault superimposed circuit is illustrated in Fig. 2(c) . Superimposed component currents can be expressed as
The phasor diagram is shown in Fig. 3 . As the load power flows from M to N, the voltage phasor M U  is leading to N U  . The system impedance angle is deemed to be the same as the line impedance angle, and the line resistance is ignored. As a result of it, the phase angle difference of superimposed component current and voltage source is nearly 90°. It is shown that the total fault current I  is lagging to the pre-fault current pre I  and the total fault current I ′  is leading to the pre-fault current pre I  . A rule of current phase variation can be stated as shown follow. When a fault occurs at F, the phase angle difference between the fault current I  and pre-fault current pre
, the direction of current phase angle variation is negative. When a fault occurs at F', the phase angle difference between the fault current I ′  and pre-fault current pre
, the direction of current phase angle variation is positive. Fig. 3 . Phasor diagrams for faults at F and F'. With the analysis above, a principle can be stated as follow. When a fault occurs in the positive direction of the load power, the current phase variation is negative. When a fault occurs in the negative direction, the current phase variation is positive.
By using the directions of load power and current phase variation, the fault direction can be determined. If the reference direction is set as from the bus to the line, the possible fault direction judgement results are shown in Tab. I. 
No.

Load power direction
Current phase variation
Fault direction
The fault direction of No.1 and 4 in Tab. I is positive. The principle to determine the fault section when the protection zone exists branch is shown as follow. When the two relays of the pilot protection both determine the fault is in the positive direction, the fault is judged as internal.
If there is no branch in the protection zone, the principle is shown as follow. When an internal fault occurs, the current phase variation directions of the both ends are opposite. When an external fault occurs, the current phase variation directions of the both ends are the same.
Protection Scheme
The relationship of current phase variation and pre-fault power load flow direction is studied above.
Then a pilot protection criterion according to this relationship can be deduced. If there is no branch in the pilot protection zone, the current values are adopted to build protection scheme. The protection criterion is shown as follow.
• When the current phase variation directions of the two relays are the same, the fault is judged as external. When the current phase variation directions of the two relays are opposite, the fault is judged as internal. If there exists branch in the pilot protection zone, voltage values are also needed. The pre-fault power flow directions of the two relays are the same: • When the current phase variation directions of the two relays are the same, the fault is judged as internal. When the current phase variation directions of the two relays are opposite, the fault is judged as external. The pre-fault power flow directions of the two relays are opposite: • When the current phase variation directions of the two relays are the same, the fault is judged as external. When the current phase variation directions of the two relays are opposite, the fault is judged as internal. A pilot protection scheme based on the above criterion is proposed. Fig. 4 shows the block diagram of the proposed pilot protection scheme considering branches. Fig. 4 shows. The current phase angle in the pre-fault statues is obtained and stored in the memory. When the protection scheme identified a fault, the current phase variation is calculated and a result is output. The load current flow directions are also expressed by "1" or "−1" to indicate the positive direction or the negative direction, respectively. Then according to the protection criterion, the fault is identified, and the trip signals are sent to the corresponding breakers. If the protection zone does not exist branch, the voltage values are not needed.
Simulation Analysis
A PSCAD model of the IEEE 30-bus system is adopted in order to validate the protection scheme.
The system is a mesh network, consisting of 30 buses, with voltage levels of 132 kV and 33 kV. The system information is provided in [11] . The distribution part of this network which is studied in this paper is shown in Fig. 6 . There are 40 relays totally installed at each end of the lines. Three 10 MVA DGs are connected to the network. The configuration of relays is shown as Fig. 6 . Some pilot protection zones which are formed by relays contain branches.
When a two-phase fault occurs at F which is in the middle of line 11-14, the simulation results are shown in Tab. II. Tab. II shows that when a two-phase fault occurs at F, the current phase variations of relay 25 and 38 which are in the two ends of the fault line are calculated, the output results are both "−1". The output results of the load power flow direction are both "1". The judgement result according to the protection criterion are "Internal". The protection scheme can identify the fault correctly.
Conclusion
This paper studies the relationship between the current phase angle variation and load power flow direction. Then a pilot protection scheme is proposed. When the pilot protection does not exist branch, only current values are required to calculate the current phase variation. When there exist any branches in the pilot protection zone, voltage values are needed to obtain the load power flow direction. Only the pre-fault voltage is needed to obtain the load power flow direction. The current phase variation is calculated locally without synchronous sampling of the two ends. It is only needed to transmit logical signals to the opposite terminal, which reduces the requirements on the communication channel. The simulation results indicate that the scheme is reliable to identify the fault.
